Abstract. We find that a severely rolled FeCo alloy has anomalous enhancement of the rotated-cube {100}<011> texture component and a decrease of the {111} components after annealing, which is contrast to the recrystallization behaviors reported in traditional BCC metals and alloys. The local texture measurements show that two kinds of grains with obviously different orientations, i.e. {100} and {111}, are heterogeneously distributed in the deformed specimen and the migration of high-angle grain boundaries is observed after annealing in the disordering temperature region.
Introduction
The crystallite (grain) size produced by severe plastic deformation (SPD) routes such as the equal-channel angular pressing (ECAP) [1, 2] are usually in the range of 100-500 nm, which is often termed as the 'ultra-fine-grained' regime. As the mechanical properties and microstructural features of this new class of materials are very close to those of nanocrystalline materials (with a grain size of less than 100 nm), numerous experimental efforts for preparing the materials and studying the deformation mechanisms were made in the past decades [3] [4] [5] . So far, fundamental questions such as why ultra-fine-grained materials exhibit intrinsic brittle fracture or lack a stable plastic region during plastic deformation are not settled. These behaviors depend mainly on microstructural features and on the kinetics of evolution of the microstructures.
B2-structured FeCo intermetallic alloys have excellent soft magnetic properties, including high Curie temperature, high magnetizations and low AC core losses. The ultra-fine-grained, ordered alloy with a grain size from 100-400 nm, prepared by severely cold-rolling (with a reduction of 93%) and annealing reaches a yield strength of 2.1 GPa at room temperature and therefore has great potential as structural and functional materials [6, 7] . Understanding the evolution of texture and local texture due to recrystallization during annealing may provide some useful information on the mechanisms for controlling the microstructures in those ultra-fine-grained materials. Although the recrystallization behaviors in the cold-rolled alloy with a reduction up to 44% were previously studied [8, 9] , textures and local textures in the severely cold-rolled alloy have not been investigated 126 so far. In this paper, we present our recent investigations on the developments of textures and the local microstructures after annealing below and above the critical ordering temperature (T c =720 °C).
Experiment
The material investigated in this study is a near equiatomic FeCo alloy with a chemical composition of 50% Fe, 47.3%Co, 2.2%V, 0.2% Nb, 0.05% C, 0.01% N and other 0.3% (by atom). The alloy was rolled and reduced in thickness by 93% to thin sheets with a final thickness of 0.15 mm. The detailed procedures on preparation of the specimen have already been described [6, 7] . Some rolled sheets were annealed at different temperatures from 450 ºC to 760 ºC for 1 hour for global texture measurements. For studying the local textures in the initial stage of annealing, the cold-rolled specimens were heated at 560 ºC and 730 ºC for 1 min. in a salt bath furnace and quenched to the liquid nitrogen, respectively.
The thin sheets were cut into small pieces with a cross-section of 8×8 mm and 52 pieces were stacked together into the cubic specimens used for texture measurements. Three complete pole figures, i.e. (110), (200) and (211), were measured by neutron diffraction technique at the Residual Stress and Texture (REST) diffractometer in the Studsvik Neutron Research Laboratory, Sweden. The ODFs were determined by the modified maximum entropy method (MMEM) [10] from the measured three pole figures. From these cold-rolled and annealed thin sheets, 3mm discs were cut off, mechanically and electrochemically thinned. The thinned foils for transmission electron microscope (TEM) observations were examined using a Philips CM 200 TEM operating at 200KV. Orientation maps with a step size of 50 nm were made on TEM analysis using a fully automatic method [11] .
Results

Textures.
The ODF section at ϕ=45º for the cold-rolled specimen is given in Fig. 1(a) , showing that textures consist of two components, i.e. the α fiber (<110>//RD) and the γ-fiber ({111}//ND). The observed texture components are the typical ones found in some traditional cold-rolled bcc metals and alloys [12] , although the orientation density along the γ-fiber in this severely rolled alloy is not so strong. Fig. 2(b) gives the ODF section at ϕ=45º for the specimen after annealing at 760 ºC for 1 hour, which is completely different from the annealing texture developed in other bcc metals. The rotated-cube component {100}<011>, which is belongs to one component along the α fiber, is greatly increased after annealing, whereas the {111} γ-fiber almost disappears.
The evolution of orientation density for the two components, i.e. {100}<011> and the γ-fiber, after annealing at different temperatures from 450 ºC to 760 ºC for 1 hour are plotted in Fig. 2 (a) and (b), respectively. It can be seen that, in the ordering temperature region (under T c ), the rotated-cube {100}<011> texture component is slightly stronger with increase of annealing temperature, whereas the {111} component is weakened. After annealing in the disordering temperature region (above T c ), there is an abrupt increase in the rotated-cube {100}<011> texture component and a drastic decrease in the {111} component. It should be noted that the development of textures after annealing in this severely rolled FeCo alloy differs completely from the previous investigations carried out by Mao et. al. [9] in the 44 % cold-rolling FeCo alloy, in which an overall decrease in orientation intensity or weakening for all deformation components was found after annealing.
Local Textures. The crystallographic orientation maps for the specimens processed by 560 ºC
Textures of Materials -ICOTOM 14
and 730 ºC annealing treatments for 1 min. are shown in Fig. 3 (a) and (b) , respectively. There, two {100} and {111} components are displayed in the red and blue color. The grain or subgrain boundaries with the misorientation angle of 0.5º-15º, 15º-30º and >30º are presented by the white, grey and black lines, respectively. Obviously, two kinds of grains with different orientations, i.e. {100} and {111}, are heterogeneously distributed in the 560 ºC treated specimen. Because of low temperature treatment for short time, this specimen still displays the deformed microstructures with the characterization of deformed bands. Most of the deformed bands consists of the {100}-orientated grains (marked by the symbols A and B in Fig. 3(a) ) which are adjacent by some fragmented grains with {111} orientation or other orientation. The distribution function of grain or subgrain size shown in Fig.3(c) indicates a narrow size distribution with around 100-200 nm. The distribution of grain orientation becomes even more heterogeneous for the specimen annealed at 730 ºC. The {100}-orientated grains (marked by the symbols C and D in Fig. 3(b) ) are adjacent only by the {111}-orientated grains (marked by the symbol E). As seen from the distribution function of size given in Fig.3 (d) , the fraction of grains with a size of 400-500 nm is obviously increased after annealing at 730 ºC for 1 min. Fig. 4 shows the misorientation angle distributions for two specimens annealed at 560 ºC and 730 ºC, respectively. A high population of low-angle grain boundaries (less than 10º) is obviously evident in the low temperature annealed specimen. Aside from those low-angle grain boundaries, the frequency of high-angle (larger than 20º), mainly concentrated in around 25º-40º and 50º-60º, is also high, which can also be seen from the some fragmented grains with different orientation distributed in or adjacent to the {100} deformed bands shown in Fig. 3(a) as described above. Comparisons between the misorientation angle distributions for the specimens annealed at different temperatures show that the frequency of the high-angle grain boundaries (larger than 30º) decreases obviously after annealing at elevated temperature, which is due to that some size-favorable {100} grains readily grow at expense of some fragmented grains with other orientations at the initial stage of annealing. 
Discussion
The anomalous recrystallization behavior, particularly the observed evolution of texture, in the severely rolled FeCo alloy during annealing cannot be explained simply by some conventional recrystallization theories, which favor the development of <111> component in bcc metals according to the orientated nucleation (ON) or/and orientated growth (OG) [13] . It was already realized that the 'in-situ recrystallization', 'continuous recrystallization' or 'extended recovery' occurs in the deformed FeCo alloy after annealing [6, 7, 9] . During the continuous recrystallization, it is commonly observed that deformation textures sharpen and components related to the stable orientation within the prior deformation are retained [14, 15] . However, there are still some arguments on the detailed mechanisms underlying the sharpening of some texture components and the role of the mobility of high-angle grain boundaries on the evolution of textures. In the present investigations on annealing of this alloy, we believe in that the sharpening of the {100}<011> component in the ordering temperature region may be attributed to the 'extended recovery', as the high-angle grain boundaries seldom move. For the change of texture after annealing in the disordering temperature region, as seen from the orientation map shown in Fig.  3(b) and the misorientation angle distribution shown in Fig. 4(b) , the migration of high-angle grain boundaries is indeed observed. Interestingly, the frequency of high-angle grain boundaries is not increased as in the conventional recrystallization, but show a reduced tendency after annealing at 730 ºC. This may be related to some particular ultra-fine-grained features, including the distributions of misorientation angle and cell size, in the severely rolling FeCo. Obviously, the 126 different recrystallization behaviors shown by the 93% cold-rolling alloy and the 44% cold-rolling alloy also indicate that the grain/cell size in the deformed state is a key factor to control the type of annealing texture. We predict that recrystallization mechanisms for the alloy with the grain size in the range of 0.1-1 µm could be different from those found in some traditional alloys. So far, it is still an open question on why the sharpening texture component is chosen as {100}<011>, but not as {111}.
The abrupt change of texture above T c shown in Fig. 2 can be explained by the relatively higher grain growth rate under the disordering temperature region as diffusivity in all intermetallics is sensitive to the state of order [16] .
Conclusions
A severely rolled FeCo alloy has anomalous enhancement of the rotated-cube {100}<011> texture component and a decrease of the {111} components after annealing, which is contrast to the recrystallization behaviors reported in traditional BCC metals and alloys. Two kinds of grains with obviously different orientations, i.e. {100} and {111}, are heterogeneously distributed in the deformed specimen. The migration of high-angle grain boundaries is observed after annealing in the disordering temperature region.
